Downregulation of epidermal growth factor receptor in hepatocellular carcinoma facilitates transforming growth factor-β-induced epithelial to amoeboid transition by López Luque, Judit et al.




Downregulation of Epidermal Growth Factor Receptor in hepatocellular
carcinoma facilitates Transforming Growth Factor-β-induced epithelial to
amoeboid transition
Judit López-Luquea,b,∗∗, Esther Bertrana,b,1, Eva Crosas-Molistc,1, Oscar Maiquesc,1,
Andrea Malfettonea, Laia Cajaa,3, Teresa Serranob,d, Emilio Ramosb,e, Victoria Sanz-Morenoc,2,
Isabel Fabregata,b,f,∗,2
a TGF-β and Cancer Group, Oncobell Program, Bellvitge Biomedical Research Institute (IDIBELL), L'Hospitalet de Llobregat, Barcelona, Spain
bOncology Program, CIBEREHD, National Biomedical Research Institute on Liver and Gastrointestinal Diseases, Instituto de Salud Carlos III, Madrid, Spain
c Barts Cancer Institute- a Cancer Research UK Centre of Excellence Queen Mary University of London, John Vane Science Building Charterhouse Square, London, EC1M
6BQ, UK
d Pathological Anatomy Service, University Hospital of Bellvitge, Barcelona, Spain
e Department of Surgery, Liver Transplant Unit, University Hospital of Bellvitge, Barcelona, Spain
fDepartment of Physiological Sciences, Faculty of Medicine and Health Sciences, University of Barcelona, Spain







A B S T R A C T
The Epidermal Growth Factor Receptor (EGFR) and the Transforming Growth Factor-beta (TGF-β) are key
regulators of hepatocarcinogenesis. Targeting EGFR was proposed as a promising therapy; however, poor success
was obtained in human hepatocellular carcinoma (HCC) clinical trials. Here, we describe how EGFR is frequently
downregulated in HCC patients while TGF-β is upregulated. Using 2D/3D cellular models, we show that after
EGFR loss, TGF-β is more efficient in its pro-migratory and invasive effects, inducing epithelial to amoeboid
transition. EGFR knock-down promotes loss of cell-cell and cell-to-matrix adhesion, favouring TGF-β-induced
actomyosin contractility and acquisition of an amoeboid migratory phenotype. Moreover, TGF-β upregulates
RHOC and CDC42 after EGFR silencing, promoting Myosin II in amoeboid cells. Importantly, low EGFR com-
bined with high TGFB1 or RHOC/CDC42 levels confer poor patient prognosis. In conclusion, this work reveals a
new tumour suppressor function for EGFR counteracting TGF-β-mediated epithelial to amoeboid transitions in
HCC, supporting a rational for targeting the TGF-β pathway in patients with low EGFR expression. Our work also
highlights the relevance of epithelial to amoeboid transition in human tumours and the need to better target this
process in the clinic.
1. Introduction
Hepatocellular carcinoma (HCC) is one of the most common liver
tumours and its prevalence is rapidly arising, presenting a high
frequency of relapse and metastasis [1]. Transforming Growth Factor-
beta (TGF-β) is a liver tumour growth suppressor, inhibiting prolifera-
tion and inducing cell death [2,3]. However, paradoxically, TGF-β also
modulates processes such as invasion, immune regulation and
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remodelling of the microenvironment, which cancer cells may exploit
to their advantage [4].
Epidermal Growth Factor Receptor (EGFR) belongs to a tyrosine
kinase receptor family with essential roles in cell proliferation, survival,
differentiation, adhesion and migration. Alterations in its activity have
been implicated in the development and growth of many tumours [5].
We have previously described a cross-talk between TGF-β and EGFR
pathways that allows HCC cells to escape from TGF-β-induced sup-
pressor actions [6]. TGF-β plays a dual role inducing both pro- and anti-
apoptotic signals, the latter being mediated by transactivation of the
EGFR pathway, through upregulation of EGFR ligands and activation of
the metalloprotease TACE/ADAM17 that mediates ligand shedding [7].
Liver tumour cells that overcome pro-apoptotic effects of this cytokine
undergo TGF-β-induced epithelial to mesenchymal transition (EMT)
acquiring cancer stem cell properties, which contribute to tumour cell
migration and invasion, as well as drug resistance [8–10].
Pro-migratory actions of TGF-β in HCC cells are mainly attributed to
its capacity to induce EMT [11,12]. However, it is well recognized that
tumour cells can use several modes of migration. Cancer cells can dis-
seminate as individual cells or expand in solid strands, sheets or clusters
using collective strategies [13]. Individual cell migration modes com-
prise a range of behaviours and - at the end of the spectra - elongated-
mesenchymal and rounded-amoeboid modes of cell migration have
been clearly identified [14]. Elongated-mesenchymal migration relies
on stronger adhesion levels that are dependent on Rac-driven actin
polymerization [15]. On the other hand, formin dependent actin dy-
namics [16], Rho-ROCK [17] and Cdc42-PAK2 [18] control Myosin II to
generate actomyosin contractility needed for rounded-amoeboid mi-
gration [19]. Thus, high levels of Myosin II and lower levels of adhesion
are characteristic of amoeboid types of migration, where the functional
protrusions are blebs [20]. Almost all the studies on HCC cell migration
are mainly based on acquisition of EMT features [21]. Once cells have
lost their epithelial behaviour, little is known about the contribution of
different modes of migration to HCC dissemination.
In spite of the potential pro-tumorigenic role of the EGFR pathway
in HCC [22,23], when moving to human clinical trials, EGFR mono-
clonal antibodies, such as cetuximab, and EGFR tyrosine kinase in-
hibitors, such as gefitinib or erlotinib, showed none or only a modest
activity in advanced HCC patients [24–26]. The aim of this work was to
understand how EGFR is regulated in HCC and if it has a possible
contribution to TGF-β driven pro-migratory and invasive effects.
2. Materials and methods
2.1. Cell lines
Hep3B and PLC/PRF/5 cell lines were obtained from European
Collection of Cell Cultures (ECACC, Porton Down, Salisbury, Wiltshire,
UK). Hep3B were grown in MEM medium (supplemented with non-
essential amino acids), and PLC/PRF/5 in DMEM, both media supple-
mented with 10% FBS, in a humidified atmosphere at 37 °C, 5% CO2.
2.2. Knockdown assays
Hep3B and PLC/PRF/5 cells were stable silenced for EGFR using
different plasmids, either alone or in combination, selected from
Mission SH, Sigma-Aldrich (Madrid, Spain) as well as a control un-
specific shRNA (sh-).
2.3. Analysis of gene expression
RNeasy Mini Kit (Ref. 74104, Qiagen, Valencia, CA, USA) was used
for total RNA isolation. Reverse transcription (RT) was carried out with
random primers using High Capacity RNA to cDNA Master Mix Kit (Ref.
4387406, Applied Biosystems, Foster City, CA, USA). Expression levels
were determined in duplicates in a LightCycler® 480 Real Time PCR
System, using the LightCycler® 480 SYBR Green I Master Mix (Ref.
04887352001, Roche Diagnostics GmbH, Mannheim, Germany).
2.4. Immunohistochemistry and histology analyses
Immunohistochemical analyses were performed using standard
procedures [27]. Antibodies used and conditions are summarized in
Supplementary Table III.
2.5. Statistical analyses
Statistical analyses were performed as an estimation of the asso-
ciated probability to a Student's t-test (95% confidence interval) or as
Two-way ANOVA method, depending on the involved conditions.
Experiments were carried out at least 3 independent times with 2–3
technical replicates. Data were represented as mean ± standard error
of the mean (SEM). Differences between groups were compared using
Student's t-test (when comparing two groups) or Two-way ANOVA with
Tukey's multiple comparison post-hoc test (differences between groups
considering two independent variables). For survival analysis, expres-
sion data from the cohort of HCC patients and The Cancer Genome Atlas
(TCGA) database were categorized using the median. Kaplan–Meier
method using the log-rank test was used to estimate survival curves. For
data from human samples, statistical significance was determined by
Linear correlation analysis. In all cases, statistical calculation was de-
veloped using GraphPad Prism software (GraphPad for Science Inc., San
Diego, CA, USA), except survival analysis which were performed using
SPSS (IBM, North Harbour, Portsmouth, UK). Differences were con-
sidered statistically significant at p < 0.05 (* or #), p < 0.01 (** or
##) and p < 0.001 (*** or ###).
For further procedures and details see Supplementary Materials and
Methods.
3. Results
3.1. Low levels of EGFR concomitant with high activation of the TGF-β
pathway is observed in HCC patients
We first explored how expression levels of EGFR and TGF-β were
distributed in tumour and non-tumour tissues from a cohort of 64 HCC
patients (Supplementary Table IV). In spite of the heterogeneity among
HCC tumours, most tumour tissues from HCC patients expressed low
levels of EGFR while expressing high levels of TGFB1 (Fig. 1A and B).
We observed that 78% of patients presented low EGFR mRNA levels
(Fig. 1A). When correlation between EGFR and TGFB1 expression was
analysed, we found a tendency (although not statistically significant) to
lower levels of EGFR in patients with high TGFB1 expression. Never-
theless, we cannot exclude that the changes in the expression of these
genes could be independent events. We extended the analysis to a
higher number of HCC patients using Mas Liver database (n=115)
from Oncomine (https://www.oncomine.org/). This analysis revealed
decreased EGFR expression in HCC compared to normal liver or cir-
rhotic liver. On the other hand, high TGFB1 expression was significantly
increased from a cirrhotic stage compared to normal liver
(Supplementary Fig. S1). Furthermore, using the Human Protein Atlas
and TCGA (The Cancer Genome Atlas) dataset for pan-cancer RNA
expression of EGFR, we observed that liver cancer is amongst the can-
cers harbouring lower EGFR levels (Supplementary Fig. S2). Im-
munohistochemical analysis in our patient cohort revealed that most
HCC tissues presented high TGF-β protein levels in tumour cells, as well
as in the surrounding tissue (Fig. 1C), concomitant with pSMAD2
staining (Supplementary Fig. S3), confirming activation of the pathway.
Several patterns of EGFR protein expression were found in tissues from
HCC patients with 56% of them presenting either low or moderate
EGFR protein expression (Fig. 1C). These data show that low EGFR
concomitant with high TGF-β expression is a common event in HCC
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patients.
3.2. EGFR silencing induces cellular changes in HCC that are amplified in
the presence of TGF-β
To further understand how EGFR could regulate cellular responses
to TGF-β, two HCC cell lines were used (Supplementary Table V). PLC/
PRF/5 cell line was chosen as a model of epithelial phenotype and well-
defined parenchymal areas (known as clusters), while Hep3B cell line
shows a mixed epithelial and mesenchymal behaviour, and a more re-
laxed parenchymal structure (Supplementary Fig. S4). shRNA against
EGFR resulted in decreased response to EGF treatment (Supplementary
Fig. S5) and profound changes in the parenchymal structures (Fig. 2A
and Supplementary Fig. S6A). This was paralleled by dissolution of cell-
cell contacts, measured by loss of junctional E-CADHERIN, β-CATENIN
nuclear translocation and a decreased ZO-1 at tight junctions (Fig. 2A
and Supplementary Fig. S6A). Furthermore, silencing of EGFR reduced
number of cells in clusters, increasing the number of single cells, a
phenomenon that was potentiated upon TGF-β treatment (Fig. 2B and
Supplementary Fig. S6B). These data suggest that EGFR plays a role in
the organization of parenchymal structures including how E-CADHE-
RIN is recruited to cell-cell junctions.
3.3. EGFR silencing promotes a decrease in cell-to-matrix adhesion and
increased TGF-β-induced migration
We next explored how EGFR silencing affected cell-to-matrix ad-
hesion. Using xCELLigence System, we observed that EGFR silencing
induced a significant decrease in the adhesive capacity of HCC cells
plated either in no-coated or in fibronectin-coated plates (Fig. 3A).
PLC/PRF/5 cells treated with TGF-β displayed changes in focal adhe-
sion complex distribution, as measured by VINCULIN immuno-
fluorescence (Supplementary Fig. S7). Indeed, cells separating from the
cluster structure reorganized focal adhesions that were now localised at
the cell edge (Supplementary Fig. S7). Interestingly, EGFR silencing
altered vinculin staining and upon EGFR silencing, TGF-β did not
promote change in the distribution of focal adhesions (Supplementary
Fig. S7). Similar results were observed in Hep3B cells (Supplementary
Fig. 1. Tissues from HCC patients express low
levels of EGFR concomitant with high levels
of TGF-β. A) EGFR and TGFB1 expression ana-
lysed by qRT-PCR in a cohort of 64 HCC pa-
tients, where relative expression of each HCC
tumour tissue versus its respective surrounding
tissue was calculated and represented as % (cut-
off≥ 1) (left and middle). Linear correlation
analysis between EGFR and TGFB1 tumour ex-
pression in the same cohort of HCC patients.
Each dot represents relative expression of each
HCC tumour tissue (right). B) Representation of
EGFR and TGFB1 expression on a heatmap of the
same cohort of HCC patients. C)
Immunohistochemistry of TGF-β and EGFR in
tissues from the same cohort of HCC patients.
Representative 10× and 40× images are
shown. Abbreviation: TN, tumour nodule.
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Fig. S8). These observations were confirmed using fibronectin-coated
plates (Supplementary Fig. S9). Overall, these results suggest that EGFR
silencing reduces cell-to-matrix adhesion and modifies TGF-β regula-
tion of focal adhesions.
We next tested if the effects in adhesion could impact the migratory
capacity of these cells. Real-time migration assay showed that TGF-β
treatment increased the migration of PLC/PRF/5 cells (Fig. 3B). How-
ever, after EGFR silencing, TGF-β conferred cells a significantly higher
migratory capacity (Fig. 3B). Time-lapse video microscopy confirmed
these results (Fig. 3C and Supplementary Videos 1–8). Importantly, we
observed that increased migration was accompanied by blebbing ac-
tivity in the migratory cells, especially in PLC/PRF/5 cells.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.canlet.2019.08.011.
Therefore, these data suggest that EGFR attenuation enhances TGF-
β-induced effects in HCC cell migration, promoting amoeboid cell mi-
gration.
3.4. Effect of EGFR silencing on the epithelial to mesenchymal transition
genes in HCC cells
EMT genes have been linked to migration and invasion induced by
TGF-β in HCC [11,12]. We next analysed EMT-gene expression changes.
Consistent with our previous data [10], PLC/PRF/5 cells did not un-
dergo a full EMT in response to TGF-β (Supplementary Fig. S10). De-
spite increased expression of VIM and CDH2, they retained CDH1 levels.
After TGF-β treatment of PLC/PRF/5 cells, no differences in EMT-
transcription factors were detected except for ZEB2, which could be
driving the pro-migratory program (Supplementary Fig. S10). Inter-
estingly, EGFR silencing, regardless of TGF-β treatment, dramatically
decreased CDH1 mRNA levels, consistent with our previous observa-
tions (Fig. 2), but also decreased CDH2 levels (Supplementary Fig. S10).
Thus, silencing EGFR allows TGF-β to act under conditions where cell-
cell adhesions are reduced. On the other hand, Hep3B cells undergo a
full EMT after TGF-β treatment and EGFR silencing did not interfere
with the full EMT program (Supplementary Fig. S10).
Fig. 2. Effect of EGFR silencing on cell-cell con-
tacts in HCC cells. Unsilenced and EGFR silenced
PLC/PRF/5 and Hep3B cells were cultured on plastic.
A) Phase contrast microscopy photographs, and im-
munostaining of F-ACTIN (red), E-CADHERIN, β-
CATENIN and ZO-1 (green), and DAPI (blue: nuclei)
in both HCC cell lines. Representative 20× and 40×
images of one of the clones of each cell line are
shown. B) Quantification of the number of cells per
group of PLC/PRF/5 and Hep3B cells treated or not
with TGF-β (2 ng/mL) during 72 h. Data are
mean ± SEM of 3 independent experiments, and
≥5 fields per condition were quantified. Two-way
ANOVA was used: ***p < 0.001 compared to con-
trol untreated cells in each cell line (unsilenced or
silenced); ##p < 0.01 and ###p < 0.001 com-
pared to unsilenced cells in each condition (un-
treated or treated).
J. López-Luque, et al. Cancer Letters 464 (2019) 15–24
18
These data indicate that EMT genes are induced to different extents
after TGF-β stimulation but a full-EMT gene induction is not strictly
needed for TGF-β to exert pro-migratory effects in HCC.
3.5. After EGFR loss, TGF-β activates Myosin II driven amoeboid invasion
We have previously reported that PLC/PRF/5 cells are able to un-
dergo epithelial to amoeboid transition [28], concomitant with loss in
cell-to-matrix adhesion, leading to amoeboid efficient invasion [29].
We could already observe amoeboid-like migration in 2D-substrates
(Fig. 3C). Since amoeboid behaviour is favoured in pliable environ-
ments, we next used complex collagen I matrices to recapitulate the
liver cancer microenvironment. Similar to 2D culture, the number of
cells per group decreased in HCC cells cultured on collagen I upon TGF-
β treatment. EGFR silencing promoted parenchymal disruption, am-
plifying TGF-β effects (Supplementary Figs. 11A and B). Importantly, in
these matrices the parenchymal structures were much smaller when
compared to the experiments in 2D (Fig. 2B), indicating that a collagen
matrix induces loss of cell-cell contacts and gain of cell-to-matrix
contacts, promoting individual migratory phenotypes.
Amoeboid cell migration is characterized by an actin rich cortex,
high levels of Myosin II in the cortex and blebs as functional protrusions
[13]. TGF-β treatment in PLC/PRF/5 led to significantly higher Myosin
II levels although had modest effects in bleb promotion (Fig. 4A–C).
Importantly, EGFR silencing, combined with TGF-β treatment, induced
most efficiently high Myosin II in the cell cortex, cell blebbing and
amoeboid behaviour (Fig. 4A–C). Time-lapse video microscopy con-
firmed these observations (Supplementary videos 9–12).
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.canlet.2019.08.011.
Rho GTPases are important for sustaining bleb based migration and
Myosin II activation [15,18]. Interestingly, after EGFR silencing, PLC/
PRF/5 cells treated with TGF-β significantly upregulated RHOC and a
tendency was also observed in CDC42, both regulators of amoeboid
migration (Fig. 4D). Similar results were obtained in Hep3B cells, where
EGFR silencing allowed TGF-β to significantly increase Myosin II ac-
tivity and the percentage of cells with blebs (Supplementary Figs.
S12A–C). Notably, Hep3B cells treated with TGF-β upregulated RHOC
Fig. 3. Effect of EGFR silencing on cell-to-matrix
adhesion and migration capacity in HCC cells,
untreated or treated with TGF-β. A) Unsilenced
and EGFR silenced PLC/PRF/5 cells were treated
with TGF-β (2 ng/mL) during 68 h, then trypsinized
and plated in the xCELLigence system for a real-time
adhesion assay. Adhesion was then assessed during
4 h, and it is expressed as relative to PLC/PRF/5
unsilenced and untreated cells in no coating and fi-
bronectin coating conditions. B) Unsilenced and
EGFR silenced PLC/PRF/5 cells were treated with
TGF-β (2 ng/mL) during 64 h, then trypsinized and
plated in the xCELLigence system for a real-time
migration assay. Migration was then assessed during
8 h, and it is expressed as relative to PLC/PRF/5
unsilenced and untreated cells. Data are
mean ± SEM of 3 independent experiments per-
formed in biological duplicates in A and in biological
quadruplicates in B. Two-way ANOVA was used:
*p < 0.05 and ***p < 0.001 compared to control
untreated cells in each cell line (unsilenced or si-
lenced); #p < 0.05, ##p < 0.01 and
###p < 0.001 compared to unsilenced cells in
each condition (untreated or treated). C) EGFR un-
silenced and silenced PLC/PRF/5 cells were treated
with TGF-β (2 ng/mL) and migration was assessed
for 60 h in a 2D matrix. Representative 20× images
of the first 36 h obtained from time-lapse migrating
video microscopy analysis are shown.
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and CDC42 regardless of EGFR status (Supplementary Fig. S12D).
In summary, attenuation of EGFR facilitates TGF-β-induced Myosin
II activation, in part via regulation of Rho GTPases expression levels.
3.6. TGF-β and EGFR expression and distribution in tumours in vivo
To validate our observations in the human clinical setting, we used
digital pathology to assess EGFR, TGF-β expression levels and Myosin II
activity in different regions of HCC tumours. We divided tumours in
areas defined as tumour body (TB) and invasive front (IF), following
similar criteria as in melanoma patients [30]. H-Scores showed how
EGFR levels were downregulated in the invasive fronts of tumours
while TGF-β and pMLC2 levels were clearly upregulated (Fig. 5). In-
terestingly, within a single tumour, EGFR and TGF-β levels may change
across the full tumour and may present inverse positivity. This data
highlights regional and heterogeneous expression levels of EGFR and
TGF-β in HCC tumours and suggests that the invasive fronts are areas
enriched in cells with high levels of TGF-β with reduced EGFR ex-
pression.
3.7. HCC patients with low EGFR/High TGFB1 expressions revealed poor
prognosis
With the aim of exploring the relevance of decreased expression of
EGFR in the molecular characteristics of the tumours, we performed
transcriptomic analysis of our 64 patients' cohort. Data revealed that
most tumour tissues from HCC patients presented low expression levels
of CDH1 and very high levels of RHOC, while a moderate increase was
found for CDC42 (Fig. 6A). Expression of EGFR inversely correlated
with CDH1 (although not statistically significant, due to the number of
Fig. 4. Effect of EGFR silencing on acto-
myosin contractility in HCC cells after
TGF-β treatment when cultured on top of
a matrix of collagen I. Unsilenced and
EGFR silenced PLC/PRF/5 cells were cul-
tured on plastic and treated with TGF-β
(2 ng/mL) during 48 h. Cells were then
trypsinized and cultured on top of a bovine
collagen I matrix for 24 h more, up to a total
of 72 h with TGF-β treatment. A)
Representative 40× confocal images of one
stack of immunostaining of pMLC2 (green),
F-ACTIN (red), and DRAQ5 (blue: nuclei)
are shown. B) Quantification of pMLC2
immunostaining intensity per surface and
cell. C) Quantification of the percentage of
cells with blebs. D) qRT-PCR analysis of
RHOA (RHOA), RHOC (RHOC) and CDC42
(CDC42) mRNA levels in unsilenced and
EGFR silenced PLC/PRF/5 cells after 72 h of
TGF-β treatment (2 ng/mL) when cells were
cultured on plastic. Data in B and C are
mean ± SEM of 3 independent experi-
ments performed in duplicates and ≥5
fields per condition were quantified. Data in
D are mean ± SEM of ≥3 independent
experiments. Two-way ANOVA was used:
***p < 0.001 compared to control un-
treated cells in each cell line (unsilenced or
silenced); #p < 0.05, ##p < 0.01 and
###p < 0.001 compared to unsilenced
cells in each condition (untreated or
treated).
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patients analysed), but no correlation was found with RHOC or CDC42,
whose changes in expression must depend on the combination with
other factors (such as TGFB1) (Supplementary Fig. S13). Furthermore,
using TCGA data we observed that patients with low expression of EGFR
had significantly worse prognosis compared with patients that pre-
sented high expression of the receptor (n= 327 patients). However,
patients expressing high levels of TGFB1 did not show significant worse
prognosis 5 years after being diagnosed (Fig. 6B), as had been pre-
viously suggested [31]. Although the number of patients was not suf-
ficient for a strong statistical analysis, a similar pattern was observed
when this analysis was made in the 64 patients’ cohort from our hos-
pital (Supplementary Fig. S14). Interestingly, the stratification of pa-
tients considering both EGFR and TGFB1 expressions indicated that low
levels of EGFR and high levels TGFB1 conferred the worst prognosis
(Fig. 6B and Supplementary Fig. S14). Moreover, patients with low
EGFR and high RHOC or CDC42 levels had also significantly worse
prognosis, as compared with patients with high EGFR and low Rho
GTPases expressions (Fig. 6C and Supplementary Fig. S14A). Finally,
due to the different histological expression pattern of EGFR in IF/TB
(Fig. 5), we performed the survival analysis to compare the patients
with high/low EGFR expression level in IF/TB. Results strongly sug-
gested worse prognosis in patients with low IF/TB EGFR expression
(Supplementary Fig. S14B). In tumour grade 3/4, a high percentage of
tumours with high expression of TGFB1 or RHOC expressed low levels
of EGFR (Supplementary Table VI). These findings reinforce the idea of
loss in EGFR expression as a potential switch in the progression of HCC
to a higher tumour grade and, thus, a worst prognosis for HCC patients.
Altogether, our results propose an unexpected role for EGFR loss
that can contribute to HCC progression especially when TGF-β/RhoC/
Cdc42 levels are increased.
4. Discussion
Hepatocellular carcinoma treatment is challenging, as the me-
chanisms underlying tumour progression are still largely unknown.
Overexpression of EGFR occurring in some human cancers has been
reported in the literature, correlating with more aggressive tumours,
metastasis and poor patient survival [32]. However, in HCC, clinical
studies with EGFR inhibitors have so far shown only modest results
[22,23]. Indeed, further studies are needed to improve the molecular
understanding of the EGFR-induced signalling pathways that may
control HCC development and progression. Results shown here try to
shed light on it, showing that EGFR expression is low and hetero-
geneous in a great percentage of HCC patients and suggesting that EGFR
loss facilitates some of TGF-β pro-invasive and metastatic functions.
To spread within tissues, tumour cells use migration mechanisms
that are similar to those that occur in normal cells during physiological
processes. Multiple environmental factors, such as chemokines, cyto-
kines like TGF-β, and growth factors like EGF, can induce and regulate
tumour-cell motility, thereby contributing to invasion. However, de-
pending on the cell type and tissue environment, cells can migrate in-
dividually, when cell-cell junctions are absent, or collectively as
strands, sheets or clusters, when cell-cell adhesions are retained [13].
Although TGF-β is well known to promote EMT and contribute to me-
tastasis in this way [11,12,33], our results demonstrate that HCC cells
also respond to TGF-β inducing an epithelial to amoeboid transition
after silencing EGFR. In melanoma, a non-epithelial tumour, TGF-β
induces amoeboid migration [30]. Melanocytes derive from neural crest
- a multipotent cell population arising from ectoderm - that undergoes
EMT during development. Interestingly, here we observe that mela-
noma is also a tumour with nearly absent EGFR expression, which could
indicate similar regulatory mechanisms in these two tumour types that
have very different developmental origin.
Here we show that EGFR is implicated in the maintenance of cell-
cell contacts and parenchymal structures between HCC cells. Indeed, a
disruption of cell-cell adhesion is observed after EGFR silencing. After
that, TGF-β can better access individual cells and increase their mi-
gratory potential. There is evidence in the literature supporting a role
for EGFR in cell-cell junction regulation. As such, EGFR co-precipitated
with E-cadherin in keratinocytes when cell-cell junctions were formed
and - in the absence of EGFR - these cell-cell contacts are abolished
[34]. Moreover, E-cadherin is responsible of integrating mechano-
transduction and EGFR signalling in epithelial barriers, controlling
adhesion and cortical contractility through the localization and acti-
vation status of EGFR [35]. Results presented here reveal that when
reducing EGFR levels, TGF-β treatment was more efficient in increasing
Myosin II activity and membrane blebbing, characteristics of amoeboid-
type of migration. In this scenario, Myosin II is no longer restricted to
cell-cell junctions that have been lost, but rather has re-localised to the
cell cortex. Interestingly, we observed amoeboid migration even in a 2D
Fig. 5. Immunohistochemistry (IHC) analysis and quantification for EGFR,
TGF-β and pMLC2 markers in whole section samples. A) Each marker
(EGFR, TGF-β or pMLC2) is represented using the IHC staining (left), its H-score
(middle) representation and rainbow map (right) using digital pathology ap-
proach. Scale bar: 1000 μm. B) Representative images for EGFR, TGF-β or
pMLC2 corresponding to the TB and IF areas highlighted in A. Scale bar:
100 μm. Graphs type: “before and after” using lines and dots to represent TB
and IF matched for each patient. Student's Paired t-test was used: *p < 0.05,
**p < 0.01. Abbreviations: TB, tumour body; IF, invasive front.
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environment by time-lapse microscopy, highlighting the strong effects
induced by TGF-β treatment upon EGFR silencing in the more par-
enchymal cells. It is known that rounded-amoeboid type of movement is
driven by high Myosin II levels regulated by Rho signalling (RhoA and
RhoC) [20] or Cdc42 [18]. In fact, we recently described that HCC cells
undergo an epithelial to amoeboid transition when silencing NOX4, a
NADPH oxidase involved in many processes such as adhesion and
proliferation [28]. RHOC and CDC42 levels were increased in NOX4
silenced cells, similar to what we observe after EGFR silencing and TGF-
β-treatment. Interestingly, RhoC has also been described as a key gene
upregulated in metastatic melanoma [36], pointing at further homo-
logies between these two tumour types. RhoC is a key regulator of
Myosin II dependent actomyosin contractility, suggesting that its high
expression levels is key for regulating Myosin II in HCC. Furthermore,
high Myosin II levels coupled to lower adhesion are key for fast
amoeboid migration [37]. These features are recapitulated in the work
we present herein.
The role of ErbB family in inducing a mesenchymal migratory
phenotype might be tumour and context dependent. It was proposed
that EGFR favours EMT [38–40], but some reports indicate that tar-
geting EGFR in carcinomas may promote an infiltrative invasion front
composed of mesenchymal-like cells [41]. Supporting our observations
here, EGF contributes to the final acquisition of an epithelial, mature,
phenotype in foetal hepatocytes in culture [42]. In the same line of
evidence, due to their effects on cell-cell adhesion, EGFR mediates
collective migration in the border cells during Drosophila oogenesis to
Fig. 6. Analysis of EGFR, TGFB1 and re-
lated genes expression in tissues from
HCC patients shows prognosis sig-
nificance. A) E-CADHERIN (CDH1), RHOC
(RHOC) and CDC42 (CDC42) expression
analysed by qRT-PCR where relative ex-
pression of each HCC tumour tissue versus
its respective surrounding tissue was calcu-
lated and represented as % (cut-off≥ 1).
Representation of EGFR and TGFB1 expres-
sion on a heatmap of the same cohort of
HCC patients is on the right. Kaplan-Meier
estimation of 5 years survival in The Cancer
Genome Atlas (TCGA) of HCC patients ac-
cording to EGFR expression, TGFB1 expres-
sion and the combination of both (B), as
well as according to EGFR expression com-
bined with RHOC and CDC42 expression (C)
(N = 327 HCC patients). Kaplan–Meier
method using the log-rank test was used:
*p < 0.05 and **p < 0.01.
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read guidance cues secreted by the oocyte [43].
Our observations in HCC patients show that low EGFR and high
TGFB1 expression have prognostic value. This could indicate that in
such patients TGF-β has acquired pro-tumorigenic signalling.
Importantly, we report that a relevant percentage of HCC patients ex-
pressed higher levels of RHOC and CDC42 within the tumour when
compared with non-tumour areas. More importantly, low expression of
EGFR combined with high expression of either RHOC or CDC42 is as-
sociated with worse prognosis in HCC patients. In accordance, we have
previously shown that RHOC and CDC42 are significantly increased in
HCC metastasis compared to primary lesions [28]. Interestingly, our
results also indicate that low IF/TB EGFR expression at the histological
level also suggests worse prognosis.
EGFR plays a hepatoprotective role in chronic liver diseases
[22,44,45]. Here we propose that EGFR could also play a tumour
suppressor role in advanced stages of HCC. In line with this evidence,
deletion of EGFR in hepatocytes led to increased hepatocarcinogenesis
[44]. Lower expression of EGFR in the tumor cells would increase the
accessibility of liver macrophages to EGFR ligands, which further
contributes to increased TGF-β production and liver tumor progression.
Interestingly, another member of the receptor family: ERBB4, was also
proposed to suppress development of HCC and has prognostic value in
patients [46]. Further work will be necessary to better understand how
EGFR expression is down-regulated in liver tumor cells. Analysis of
response elements present in the EGFR promoter (from Gene Cards
Human Gene Data Base) indicated potential binding of Hepatocyte
Nuclear Factor 4-alpha (HNF4A), which plays essential roles during
liver development. Its expression is maximal in differentiated hepato-
cytes, but decays in HCC [47]. It is tempting to speculate that tran-
scription factors, such as HNF4A, involved in the differentiation of
hepatocytes, could potentially control the expression of EGFR that
regulates hepatocyte final differentiation [42,48].
Our work also highlights the relevance of the epithelial to amoeboid
transition in human tumours and the need to better target this process
in the clinic. Up to date, there are limited reports showing how HCC
undergoes epithelial to amoeboid or mesenchymal to amoeboid tran-
sitions, due to lack of physiologically relevant experimental settings. Of
note, one study showed that depletion of HAb18G/CD147 induced
amoeboid migration in HCC [49]. Interestingly, anti-CD147 therapy in
tumours resulted in EGFR decreased protein levels [50]. Overall, data
here emphasize the importance of patient stratification for HCC treat-
ment. We propose that TGFB1, RHOC or CDC42 expression levels
should be assessed before using anti-EGFR therapy, as it can be acting
as a tumour suppressor, especially if it is concomitant with a high
TGFB1 expression. In this line, a large subset of HCC patients with low
EGFR and high TGFB1 levels would benefit from targeting either the
TGF-β or the Rho-ROCK-Myosin II pathway.
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